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Available online 2 February 2018Tin (Sn) or a Sn-rich solder applied to copper-based artefacts has been frequently used at least, since the Ancient
Greece, although scarce studies have been published concerning the technology of this metallurgical joining
technique.
Several filler remnants were reported to be found in a Roman collection of handle attachments of situlae or caul-
drons (2nd century BCE–5th century CE) from the archaeological site of Conimbriga, a Roman city from the Lusi-
tania Province (Portugal). All these artefacts were cast in high leaded coppers and bronzes.
The present study aims to contribute to the knowledge of Sn-rich soldering, an ancientmetallurgical joining tech-
nique, by the characterisation of the fusible metallic alloy present in 10 Roman artefacts by means of micro-en-
ergy dispersive X-ray fluorescence spectrometry (micro-EDXRF), scanning electron microscopy with energy
dispersive X-ray (SEM-EDS) microanalysis and optical microscope (OM) observations.
Results of studied solders show the presence of Cu-Sn alloys, with Sn contents ranging from δ to η phase compo-
sition (30–60wt% Sn). As the attachmentsweremade in leaded copper alloys, itwas also observed, in some cases,
the melting of the interdendritic Pb-rich chains with long-range diffusion of the solder alloy into the substrate.
The fillers compositions suggest that the handle attachments have been joined to a situla body by the soldering
metallurgical process with Sn or a Sn-rich alloy. The studied leaded Cu-Sn attachments, probably formulated by
local craftsman, were joined into the body of a situla or cauldron with a soft solder (soldering), a common met-
allurgical joint from Antiquity, although no relation was found between composition or typology and the Sn or
Sn-rich solder.
© 2018 Elsevier B.V. All rights reserved.Keywords:
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Soldering is a metallurgical joining technique reported to be widely
used by Sumerians, Egyptians, Greeks, Etruscans andRomans [1–4]. Sol-
dering involves the heating and fusing of a filler (metal or an alloy)with
a lower melting point than the metals or alloys to be joined. In modern
practice, the term soldering (soft-soldering) is applied to low-melting-
point solder and brazing (hard-soldering) to high-melting-point solder
[5,6]. The temperature is the main distinction between soldering and
brazing. Soldering has the ability to join metals with different composi-
tions, it is operated at low temperatures without melting the substrate
(s) and it is characterised by the heating of the filler material above itsliquidus temperature but under 450 °C. Brazing is characterised to use
higher temperatures (T N 450 °C) [7]. These ancient joining techniques
also comprise a previous aid of a flux (beeswax, borax or resin) to dis-
solve or disperse the oxidefilm of the substrate, turning on amore effec-
tive and stronger bond, after the mechanical cleaning of corrosion
products from the metallic surfaces to be joined together [1,5,7–9].
Gold, silver, lead and copper-based alloys are the Ancientmetals that
were reported to be soldered or brazed by proper filler compositions in
the Naturalis Historia by Pliny the Elder [4]. Gold joins were greatly ex-
amined from ancient jewelry, comprising several joining techniques
and it was found that copper or a mixture of silver and copper was
alloyed with gold and used for brazing [e.g. 3,8,10,11]. Lang and Hughes
[5,6] analysed 19 Roman silver objects and found the presence of Cu-Sn
brazing and Sn-Pb soldering, concluding that Sn-Pb soldering was
mainly used to attach handles and for repairs. They also discussed the
Leyden papyrus reference about the way in which the solder should
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lished analysis of lead artefacts are mainly focused on pipes for Roman
hydraulic system and show the use of welding with Pb or soldering
with Pb-Sn alloy [12–14]. Regarding the joining of Cu-based alloys,
large bronze statues were predominantly studied for the characterisa-
tion of the ancient welding techniques [e.g. 2,15,16] and composition
of the joining repairs [17]. Classical bronze statuettes from the British
Museum were also examined and it was found that the soldering was
made with Pb-Sn alloys [18].
Few studies have been focused so far on soldering pre-Roman cop-
per-based objects. These include a Sn-rich corroded filler that was re-
ported by Craddock [19] to be used to solder silver handles onto a
copper bowl from Sumer; a semi-quantitative analysis performed on
an early 5th century BCE Etruscan bronze plaque from the British Mu-
seum showed a solder with 90 wt% Sn, 10 wt% Pb [6]; more recently,
Asderaki-Tzoumerkioti [1] presented a semi-quantitative analysis of
the joining on a bronze Hellenistic urn evidencing the use of a Pb-Sn
alloy for soldering the handle.
Also, in what concerns Sn or a Sn-rich solder applied during Roman
times to Cu-based artefacts scarce studies have been performed. In
these studies, the full characterisation of the solder alloy is absent and
is being generally stated that a “soft-solder” implies the use of a Sn-Pb
[2,3] or Pb-Sn alloy [20] or even indicates the use of different Sn/Pb ra-
tios [18]. Historical sources were deeply explored by Lang and Hughes
[5,6] but the interpretation of Pliny recipes assuming the word stagnum
as tin is uncertain due to other possible interpretations of stagnumwhen
it is used in soldering contexts. If stagnum is to be interpreted as “tin” it
is confusing that in addition to stagnum Pliny mention tin (plumbum
album – book XXXIII, chapter XXX [4]; [21]), “besides copper and lead,
as metals that can be used for soldering” as stated by Lang and Hughes
[5].Fig. 1. Set of the studied artefacts: 10 handle attachments of situlae showing the anthropomorpOne of the reasons for the shortage of solder analysis from Cu-based
alloys tablewaremight be the lack of filler remains in good state of con-
servation. Another reason might be due to geometry limitations for the
analysis of the filler from intact and complete artefacts [6].
This study aims to provide an in-depth understanding of the Roman
soldering practices with the characterisation of Sn-rich alloys used for
soldering copper-based artefacts. To this end, a group of 10 handle at-
tachments of situlae with soldering remains from the Roman archaeo-
logical site of Conimbriga (Portugal) was selected for elemental and
microstructural study. These artefacts, originally soldered to the rim of
the situla, were known to be used with decorative and functional pur-
poses to hold the swinging handle of the situla.
Additionally, the elemental composition of one cauldron/situla body
will be determined. The analysis of different components of the situla
aims to evaluate probable interaction phenomena between the molten
filler of the solder and the substrates (anthropomorphic attachments
plus situla body).
The elemental characterisation of the solder alloy present in the se-
lected artefacts was performed bymeans of micro-energy dispersive X-
ray fluorescence spectrometry (micro-EDXRF), scanning electron mi-
croscopy with energy dispersive X-ray (SEM-EDS) microanalysis and
metallographic optical microscope (OM) observations. The elemental
composition of the attachments and the situla was performed by
micro-EDXRF. Results on the composition of some of these handle at-
tachments, cast in high leaded coppers and bronzes, have been reported
in a previous work [22].
The present study also focuses on the differences and complemen-
tarity of the surface analysis techniques used and how together they
can give significant contributions to the understanding of the Roman
metallurgy in general and soldering practices in particular.hic escutcheon and their respective back showing solder remnants and the situla (SIT153).
Table 1
Artefacts identification, reference number, typology and elemental composition of the substrate of the attachments from Conimbriga determined by micro-EDXRF (average of 3–5 spots,
±(standard deviation); wt% normalised; n.d.: not detected). The last row shows the composition of the situla (SIT153) also from the archaeological collection of Conimbriga.
Artefact Reference Typology Cu Sn Pb Zn Fe Ni As
Attachment MA017 XIII 82.9 3.30 14.0 n.d. n.d. n.d. n.d.
(4.3) (0.72) (5.1)
Attachment MA021 X 87.0 3.56 9.66 n.d. n.d. n.d. n.d.
(5.9) (0.5) (6.04)
Attachment MA024 II 76.8 5.44 17.8 n.d. 0.01 n.d. n.d.
(2.8) (0.27) (2.9)
Attachment MA028 X 82.2 5.34 12.3 n.d. 0.08 n.d. n.d.
(2.9) (0.43) (3.0) (0.07)
Attachment MA035 XI 94.3 3.85 1.82 n.d. 0.02 n.d. 0.21
(1.9) (1.57) (0.69) (0.06)
Attachment MA127 XIII 70.5 6.02 23.2 b0.20 0.13 0.08 n.d.
(4.8) (1.43) (5.2) (0.01) (0.01)
Attachment MA129 XIII 82.4 5.34 11.3 0.51 0.18 0.14 n.d.
(2.0) (1.74) (1.3) (0.03) (0.04) (0.01)
Attachment MA130 II 70.1 4.42 25.0 b0.20 0.06 0.09 n.d.
(9.0) (0.22) (9.3) (0.01) (0.02)
Attachment MA132 XIII 81.5 2.88 15.2 b0.20 n.d. 0.10 n.d.
(2.2) (1.57) (3.2) (0.01)
Attachment MA141 XIII 90.1 1.14 4.40 3.25 0.34 0.10 0.71
(1.8) (0.1) (2.05) (0.11) (0.04) (0.01) (0.38)
Situla SIT153 94.8 3.91 0.98 n.d. 0.31 0.11 n.d.
(0.4) (0.43) (0.23) (0.02) (0.01)
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2.1. Artefact description
The Roman city of Conimbriga (2nd century BCE to 5th century CE) is
an emblematic archaeological site in the province of Lusitania. Here
large collections of artefacts were recovered during several archaeolog-
ical excavations, since 1899. Among the metallic artefacts, there is a
large collection of 50 anthropomorphic handle attachments of situlae
or cauldrons with some particular features that make it unique: the di-
versity of typologies, some without parallel outside the Iberian Penin-
sula, but with clear evidence of local production [22].
In the present work 10 anthropomorphic attachments and 1 situla
were analysed (Fig. 1). The anthropomorphic attachments from
Conimbrigawere found in various places at the archaeological site with-
out any association with situlae or buckets. Themajority of the artefacts
were found during old excavations without stratigraphic registration soFig. 2. As-cast structure of the artefact MA127 by OM (BF; etching 1).a chronological framework could not be established. The exceptions are
three artefacts (MA017, MA127, MA130) found in the south baths,
around 4th or 5th century.
The anthropomorphic attachments were selected according to the
presence and good conservation condition of the solder remnants pres-
ent at their back (Fig. 1) from a total of 50 anthropomorphic attach-
ments found in Conimbriga. In spite of the presence of superficial
corrosion layers, in most artefacts it is possible to distinguish the pres-
ence of a solder in the back due to a distinctive grey corrosion colour.
The typologies of selected artefacts were established according to
the [23] classification and include the types II, X, XI and XIII, as shown
in Table 1. All are human faces that differentiated by shape, some orna-
ments and beard style. Type XIII is the most representative of the
Conimbriga collection and is characterised by their long cross-bar
above the escutcheon or face to fit into the rim of the cauldron, some-
times associated with attachments of bigger dimensions and probably
belonged to larger situlae [22].
The only situla from Conimbriga findingswas found in a specific stra-
tum of the south baths (2nd–4th century) [24] (Fig. 1).Fig. 3. SM image showing grooves and parallel scratches applied on the metallic surface
under the solder at the back of the artefact MA035.
Table 2
Micro-EDXRF results of cleaned areas of the solders from Conimbriga attachments [average
of 3–5 spots, ±(standard deviation); wt% normalised; n.d.: not detected]; the uncleaned
areas of the solders are presented in italic (1 spot of analysis).
Reference Surface Cu Sn Pb Zn Fe Ni
MA017 cleaned 57.8 40.4 1.80 n.d. n.d. n.d.
(std) (1.3) (1.2) (0.1)
uncleaned 57.6 40.5 1.80 n.d. n.d. n.d.
MA021 cleaned 70.1 27.9 1.90 n.d. 0.16 n.d.
(std) (4.5) (4.8) (0.4) (0.03)
uncleaned 77.2 18.3 4.23 n.d. 0.30 n.d.
MA024 cleaned 66.7 28.9 4.33 n.d. n.d. n.d.
(std) (11.0) (11.1) (0.9)
uncleaned 56.8 33.7 9.50 n.d. n.d. n.d.
MA028 cleaned 59.4 38.7 1.90 n.d. n.d. n.d.
(std) (2.1) (2.2) (0.1)
uncleaned 59.4 34.6 5.87 n.d. n.d. n.d.
MA035 cleaned 62.5 26.5 10.9 n.d. 0.11 n.d.
(std) (1.9) (3.2) (4.0) (0.03)
uncleaned 63.2 28.1 8.57 n.d. n.d. n.d.
MA127 cleaned 67.6 27.2 4.57 0.22 0.22 0.10
(std) (3.2) (3.6) (0.7) (0.02) (0.08) (0.01)
uncleaned 68.4 25.8 5.23 n.d. 0.40 n.d.
MA129 cleaned 58.4 32.1 8.6 0.56 0.17 0.19
(std) (5.1) (3.8) (1.4) (0.12) (0.05) (0.01)
uncleaned 21.2 60.6 17.0 0.48 0.46 0.17
MA130 cleaned 41.7 56.7 1.23 0.12 0.38 n.d.
(std) (0.7) (0.6) (0.2) (0.01) (0.03)
uncleaned 40.4 49.5 9.20 n.d. 0.91 n.d.
MA132 cleaned 57.1 32.1 10.4 0.14 0.18 n.d.
(std) (8.1) (8.3) (3.1) (0.02) (0.11)
uncleaned 42.9 40.1 16.3 n.d. 0.57 n.d.
MA141 cleaned 80.9 12.9 2.80 2.85 0.34 0.10
(std) (3.9) (5.1) (1.4) (0.28) (0.02) (0.01)
uncleaned 62.2 33.9 1.02 2.07 0.59 n.d.
Table 3
Effective penetration depth (μm) of characteristic X-rays from hypothetic Cu-Sn solder al-
loys (themass absorption coefficients were calculated using the published values in [33]).
Alloy composition Sn-Lα CuKα
Sn 60 wt%/Cu 40 wt% 5.0 21.6
Sn 50 wt%/Cu 50 wt% 6.0 25.9
Sn 40 wt%/Cu 60 wt% 7.5 32.4
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The artefactswere first examined under a ZeissDiscovery V20 Stereo
Microscope (SM) at up to 150× magnification in order to observe the
macroscopic features (e.g.: solder and wear marks).Fig. 4. a)OMobservation of theMA035 Sn-rich solder (light grey) into the interdendritic regions
c) SEM-EDS X-ray mapping for Sn-Lα characteristic emission shows a long-range penetrationElemental and microstructural characterisation by micro-EDXRF,
SEM-EDS and OM of the anthropomorphic attachments and solders
was performed on a small area (diameter 2–4 mm) at the back of
each escutcheon, after removal of corrosion products. The cleaning pro-
cedure involved soft polishing with 1 μm diamond paste in a cotton
swab put in a rotary Dremel tool producing a smooth cleaned surface.
Previously to the cleaning, micro-EDXRF analyses were also performed
on the top surfaces of the solders.
For the OM observations and SEM-EDS microanalysis of the solder
metal, different views were obtained according to the location of the
solder and morphology of the substrate: plane and transverse regions
exposing the interface substrate/solder. Nevertheless, all the areas
analysed were affected by the generally rough surface of the substrate
due to the presence of scratch lines (Fig. 3).
The elemental composition of the situla (SIT153) was also deter-
mined by micro-EDXRF in a small cleaned area at the bottom with the
same cleaning procedure used in the attachments. Analysis of different
components aims to evaluate probable interaction phenomena between
themolten filler and the substrates; although this situlawas incomplete,
the missing parts were reconstructed (including handle and attach-
ments) and no solder remnants were found.2.3. Micro-EDXRF
The elemental composition was determined by micro-EDXRF spec-
trometer Bruker ArtTAX Pro equipped with a low-power Mo X-ray
tube (30 W) and an electro-thermally cooled silicon drift detector
with a resolution of 160 eV at 5.9 keV (Mn-Kα). The set of polycapillary
lens and the accurate positioning system generate a microspot of pri-
mary radiation with ~70 μm in diameter [25]. Analytical conditions
were 40 kV of tube voltage, 0.5 mA of current intensity and 100 s of
live time. Artefacts and solders were analysed in 3–5 different spots to
account for possible heterogeneities, being considered the average
values. Quantitative analysis was made with the WinAxil software
(Canberra) using the fundamental parametermethod and experimental
calibration factors calculated with certified reference materials: Phos-
phor Bronze 551 from British Chemical Standards (BCS) and Leaded
Bronze C50.01 from the British Non-Ferrous Metals Technology Centre
(BNF). Results showed that experimental errors are better than 5% for
major elements, except for Pb that reaches 8%, while forminor elements
can be higher. Some larger errors aremostly related to some strongma-
trix effects and peak overlapping (particularly Cu and Zn K-lines and As-
Kα and Pb-Lα). The quantification limits calculated are: 0.5% for Sn;
0.2% for Zn; 0.1% for Pb and As; 0.07% for Ni and 0.05% for Fe. Additional
experimental details were previously published elsewhere [26].from the right to the left (etching 1); b) SEM-BSE enhanced the Pb-rich regions (brighter);
of Sn in the substrate resulting from the melting of Pb-rich phase.
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The reflected light OM observations were carried out in a motorised
Leica DMI5000 M OM coupled to a computer with the LAS V2.6 (Leica
M.) and multifocus module software [27], at different magnifications
under bright field (BF) illumination. BF observations in some cases
were performed on etched surfaceswith a solution of 10% ferric chloride
(etching 1) to revealmicrostructural features of theα coppermatrix (at-
tachment) [28] orwith a solution of 2mlHCl, 98ml ethanol (95%) (etch-
ing 2), suitable for microscopic examination of grain-boundary etch of
tin-rich alloys (solder) [29].Fig. 5.OM image showing the sequence of the three different layers found in the solder of
the attachment MA130 (the reddish zone at the bottom of the image is the bulk metal)
with the corresponding SEM-EDS spectra.2.5. SEM-EDS
SEM-EDS analyses were performed in a Zeiss DSM 962 scanning
electron microscope coupled with an energy dispersive spectrometer
from Oxford Instruments INCAx-sight equipped with a Si(Li) detector
(133 eV at 5.9 keV) with an ultra-thin window for the detection of
low atomic number elements. Semi-quantifications were made using
ZAF correction method that calculates the compositionally dependent
inter-element effects of electron scattering and energy loss according
to the atomic number (Z), X-ray absorption within the specimen (A),
and secondary X-ray fluorescence characteristic emissions due to the
self-absorption effect (F) [30].
SomeSEM-EDS analyseswere conducted in a variable pressure scan-
ning electronmicroscope HITACHI S-3700N, with a secondary electrons
detector (SE), backscattered electrons detector (BSE), and an energy
dispersive spectrometer (EDS) XFlash 5010 Silicon Drift Detector
(SDD) with a resolution of 129 eV at Mn Kα, from Bruker. Standardless
semi-quantifications were made using ZAF correction procedure in the
Esprit1.9 μ-analysis software from Bruker.
3. Results and discussion
The typology and elemental composition of the 10 anthropomorphic
attachments and the situla (SIT153) analysed bymicro-EDXRF is shown
in Table 1. The majority of the artefacts are leaded bronzes with highly
variable Pb contents (1.8 b wt% Pb b 25.0). Sn is present in lower
amounts (2.88 b Sn wt% b 6.02). In some of the artefacts, Zn, Fe, Ni
and As are also detected, although presenting low contents (b1 wt%).
The wide range of Pb contents and the variability of theminor elements
found in these artefacts suggest a poor formulation control during their
production.
Observations of the attachments microstructure by OM and SEM re-
veal a typical as-cast structure with coredα-Cu dendrites. Besides some
α + δ eutectoid in the Sn-richer artefacts, the interdendritic regions
were found to be almost filled by Pb-rich phases, few CuS inclusions
and microporosities (Fig. 2).
Preliminary visual inspection of the solder surface showed a gener-
ally darken (tarnished) layer. These observations also revealed that
the solder was applied over a rough surface, exhibiting mechanical
marks, such as grooves and parallel scratches (Fig. 3). The scratching
of the attachment surface seems to be intentional. This mechanical op-
eration should serve to the cleaning of the metallic surfaces prior to
the application of a flux [1,5,8]. Fell [9] states that scratch lines observed
might also be related to removal of old solder prior to repair.
Due to usual Sn stratifiedmorphologies in solders [31],micro-EDXRF
analyses were performed on uncleaned surfaces. The micro-EDXRF re-
sults show high variable Cu (~77–21 wt%), Sn (~61–18 wt%) and Pb
(~2–17wt%) contents. However, analytical results bymicro-EDXRF per-
formed over these corroded and heterogeneous surfaces are highly in-
fluenced by several factors: compositional modifications including
corrosion, in the burial context, which could involve important Sn and
Pb enrichments [32]; a significant “substrate effect” (influence of the at-
tachment composition) in the analysis; or even by high chemical segre-
gations developed during the solidification of the solder.
Results obtained for the elemental composition of the solders after
superficial cleaning are shown in Table 2. The main difference is the
lower Pb contents in the cleaned areas, with one exception, in the
MA035 solder analysis. However, it must be taken into account that
the solder usually consisted of a very thin layer as it could be observed
during the polishing procedure, which in some cases exposed some
areas of the substrate. Besides to reinforce the idea of a possible signifi-
cant influence of the substrate composition on the contents obtained,
these results point to a higher Pb segregation to the outer layers of the
solder.
Some authors [1,5] already warned to the fact that due to the very
low thickness of the solder, the EDXRF results might be influenced by
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effective penetration depth or the thickness from which 95% of the de-
tected X-rays were produced was calculated (Table 3) using published
values [33]. The values obtained for theoretical alloys with comparable
composition estimate that the low energy Sn-Lα comes from at least 5
μm depth.
In order to overcome the ‘substrate effect’, it was chosen to perform
SEM analyses, since the penetration depth of the electrons is much
lower than the X-rays of the micro-EDXRF (depth of emitted X-rays in
SEM in metallic materials is b2 μm [30]). The solder remnants of the
set of the attachments analysed by SEM-EDS in the cleaned areas
showed a Sn-rich (approx. 30 to 60 wt% Sn) solder, with Cu and very
low contents of Pb, whenever detected. A deeper polishing in the previ-
ously cleaned areas, exposing part of the substrate, revealed a Sn in-
crease in the interdendritic regions of the attachment close to the
solder that was accompanied by a decrease of the Pb content. This com-
positional modification should be explained by local melting of Pb-rich
phase(s) in the substrate during the joining process, allowing a long-
range diffusion of the Sn-rich solder into those interdendritic regions
(Fig. 4) and a high contamination of the solder with the Pb released.
Another important feature in the substrate/filler interface is the ex-
istence of intermetallic compound layers. As an example, Fig. 5 illus-
trates the SEM-EDS results for the three intermetallic layers found in
attachment MA130. It is worth to note that all layers present a binary
Cu-Sn composition. These layers could be described by an interdiffusion
process between the Cu-rich substrate and the Sn-rich filler. Microanal-
ysis of these layers showed that they are all Cu-Sn rich, with the excep-
tion of the outer layer where Pb and other elements from soil
contamination and corrosion processes (Fe, Ni, Al, Si, O) were also
identified.Fig. 6. Cu-Sn binary phase equilibrium diagram, adapted froAccording to the binary equilibriumphase diagram for Cu-Sn system
(Fig. 6) these intermetallic compounds layers should be the δ phase
(chemical formula close to Cu41Sn11, with ~32.6 wt% Sn), the ε phase
(Cu3Sn, with ~38.2 wt% Sn) and/or the η phase (Cu6Sn5, ~61 wt% Sn).
The sequence of these intermetallic layers in the interface depends on
the maximum temperature attained during the joining process. By
atomic interdiffusion of Sn and Cu, a δ-layer is formed at temperatures
between 350 and 580 °C, a ε-layer is formed at temperatures under
660 °C, while the η-layer is only formed under 415 °C. Taking into ac-
count the presence of Pb during the joining process, isothermal plots
of the Cu-Pb-Sn ternary phase diagram were consulted [35]. These iso-
thermal plots confirm that all those intermetallic compounds consist
of binary Cu-Sn phases (Fig. 7) and, during the cooling, Pb is highly seg-
regated to the remaining liquid. In this process, the last liquid, very poor
in Cu, should solidify in a (Pb)+ (Sn) eutectic. These last portions of so-
lidification will help to explain the composition of the outer Sn-Pb rich
layer observed. The high contents of Cu in the outer layer (corroded)
should be due to preferential leaching of copper corrosion products
and its reprecipitation on the surface [36-38].
Fig. 8 outlines the layers' sequence identified by OM and SEM. The δ-
layer, relatively thinner than the others, could be observed on etched
OMmicrostructures (Fig. 8a and c). On the other hand, the ε andη inter-
metallic layers presenting a higher difference between Sn contents are
also enhanced by BSE (image by SEM) due to its higher atomic number
contrast comparing to δ and ε-layer (Fig. 8 d). In the same attachment,
the δ-layer (thinner layer), in certain regions is easily observed, while
in others regions it is not. So, the non-observation of the δ-layer in the
selected areas of analysis cannot be conclusive. The outer layer regions
from MA035, preserved at the bottom of the grooves, stands out in
BSE-SEM image (Fig. 8 f), where the bright spots match the Pb-richm [34]. The δ, ε and η phases present different colours.
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the complexity of intermetallic layers' morphology developed on a
rough substrate, that helps to understand the range of compositions ob-
tained and the corresponding phases.
The corresponding phase layers identified for each artefact are
summarised in Table 4.
The δ, ε or η intermetallic compounds could be formed by isothermal
processes. According to the Cu-Sn binary phase equilibrium diagram
(Fig. 6), the δ phase decomposes by an eutectoid reaction at 350 °C. Al-
though for common cooling rates the δ phase remainsmetastable at low
temperatures [39]. The η intermetallic phase (not in a uniform layer)
could also be formed during cooling after the peritectic reaction at 415
°C by the subsequent solidification.
In all observations, the eutectoid structure layer resulting from the
decomposition of higher temperature phases (γ and β phases at 520
and 586 °C)was not found. So, themaximum temperature reached dur-
ing the joining process should be inferior to 520 °C. The absence of these
biphasic layers, comprisingα+ δphases at room temperature, points to
Sn-rich solders.
This type of solderwas commonly used for joining the stemandhan-
dles of bronze vessels in Greek and Roman times [3] and many compo-
nents of these artefacts broke apart in the solder joint [40] just like the
Conimbriga findings. In the studied artefacts, the soft solder applied pro-
vided a moderately stronger joint due to the deeper linkage of the filler
through the melting of Pb-rich interdendritic channels and diffusion of
the Sn-rich filler into the substrate (attachment). However, the pres-
ence of the segregated Pb on the opposite side (adjacent to the situla),Fig. 7. Isothermal sections of the ternary phase diagramof Cu-Pb-Sn at different temperaturesw
(adapted from [35]). The open circles give the equilibrium compositions of the phases at each t
hypothetic alloy.previously diluted in the molten filler and coming from the diffusion
process described earlier, would weak the joint.
The situla (SIT153) from Conimbriga presented a Cu-Sn alloy with
95 wt% Cu, 4 wt% Sn and b1 wt% Pb (Table 1), the expected wrought
alloy composition for this type of Roman artefacts produced by ham-
mering a sheet of bronze [41]. The OM metallography of the situla re-
vealed a homogeneous structure, composed by recrystallized Cu-rich
grains, with the presence of a few and small size CuS inclusions and
Pb globules. Comparing to Pompeii cauldrons and vessels analysed by
Riederer [42] this situla presented lower Sn contents, although it is in
agreement with the compositional range found in a large study of
Roman thin bronze cauldrons from Holland by den Boesterd cited by
Brown [43] and another study of similar artefacts from Scandinavia
(Eastland bucket from [44]). With this composition, a hypothetical sol-
dering between a situla and one of the studied attachments would cer-
tainly contribute to an enrichment of Cu and respectively reduction of
the Sn ratios in the molten filler with the high Cu content of the situla
– during interdiffusion processes in the interface filler/situla body. This
hypothesis reinforces the Sn or Sn-rich solder stated to be used in the ar-
tefacts studied.
4. Conclusions
The investigation of solder remains in copper-based handle
attachments of situlae from Conimbriga archaeological site has mostly
identified a sequence of Cu-Sn intermetallic phase layers by the interdif-
fusion between the filler and the substrate (handle attachment): ηith a hypothetical Sn-rich alloy composition (blue spot) similar to those found in this study
emperature and the dashed line represent the tie-lines for the biphasic equilibrium for the
Fig. 8. a) OM image of the attachment MA035 showing the substrate/filler (α-Cu/δ) interface plus the intermetallic phase ε of the filler (BF; etching 2); b) SEM-EDS identification of theα-
Cumatrix of the substrate fromMA035with interdendritic Pb (black)mixedwith the intermetallic δ phase present in the substrate/filler interface plus ε phase of the filler; c) OM image of
the MA130 polished surface view crossing the substrate (α-Cu) and the intermetallic δ, ε and η phases of the filler, showing three different shades of grey. d) SEM-EDS identification of
MA130 polished surface view crossing the substrate (α-Cu) and the intermetallic δ, ε and η phases of the filler. e) Drawing scheme of a cross section representing the diffusion zone
between the substrate (attachment) and the filler, identifying the sequence of phase layers observed in most of the artefacts studied with a colour code: α-Cu matrix in dark grey, δ
phase in green, ε phase in blue, η phase in red and on top the η+ (Sn) + (Pb) surface layer in light grey; f) SEM-EDS identification of top layers of the filler from MA035: η+ (Sn) +
(Pb). This image is representative of the roughness of some of the substrate/filler interfaces studied.
445F. Lopes et al. / Microchemical Journal 138 (2018) 438–446(~59 wt% Sn), ε (~38 wt% Sn) and δ (~32.6 wt% Sn). The temperature
reached during the joining process should be higher than 350 °C and
lower than 520 °C. The fillers analysed point out to a Sn or Sn-rich
soft-solder.Table 4
Intermetallic phase layers identified for each studied artefact; (●): present; (?):
inconclusive.In some of the artefacts made by leaded coppers, it was observed an
enrichment of the outer layers of the filler with lead from the substrate.
This study wishes to draw attention to the fact that a simple punc-
tual analysis of a filler alloy may mislead the identification of the used
joining technique, particularly a brazing which could most likely be a
soldering. Due to the very low thickness of the filler, the EDXRF results
might be influenced by the composition of the substrate underneath
but also due to the interdiffusion of the chemical elements of the solder
and the substrate that occurswhen a certain temperature is reached and
will gradually change the composition of the filler metal, preferably
near the interface(s).
Considering the scenario of Conimbrigametallurgical production of
handle attachments of situla, the low-temperature joining technique
found within the studied artefacts, reveals an in-depth awareness of
metallurgical techniques, in spite of the artefacts massive fabrication
mainly based on issues of economic concerns and material availability.Acknowledgements
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